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Abstract 
Hybridization may be an intermediate step on the way to the 100 % renewable energy era. In respect of the specific CO2 
emissions natural gas has to be preferred compared to hard coal or lignite. Most fossil fuel fired power plants as well as 
concentrated solar thermal power plants use the water/steam cycle for power generation. Owing to this similarity a combination 
of both energy resources could be rewarding.  
This paper deals with different hybridization concepts for parabolic trough power plants with natural gas based on a power plant 
configuration similar to Shams One.  
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1. Introduction 
The operation of concentrating solar thermal power plant concepts (solar only) without thermal energy storage is 
completely dependent on the course of the sun. In consequence of this dependency, such power plants only have a 
limited capability of regulating the electrical grid. The live steam temperature of the water/steam cycle is also very 
closely linked to collector technology and available solar radiation. The input of fossil fuel, however, can be 
controlled and therefore used according to needs. Through the systematic combination of solar and fossil energy, a 
 
 
* Corresponding author. Tel.: +49-201-1837533; fax: +49-201-1837513. 
E-mail address: tobias.vogel@uni-due.de 
© 2013 Tobias Vogel. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/lic nses/by-nc-nd/3.0/).
i n and pe r eview by the scientific conferenc  committee of SolarPACES 2013 under responsibility of PSE AG. 
Final manuscript published as received without editorial corrections. 
 Tobias Vogel et al. /  Energy Procedia  49 ( 2014 )  1238 – 1247 1239
flexible power plant is created, which emits less CO2 compared to an exclusively fossil fueled power plant. It has to 
be emphasized that besides the increased flexibility, higher live steam parameters as comparatively with solar only 
power plants can be achieved. This is done, for example, in order to reduce steam wetness in the rear turbine stages. 
An increased thermodynamic average temperature during heat input also results in higher energy conversion 
efficiency. From a financial point of view, hybrid plants reduce costs in comparison to separate application in the 
medium-term and thereby lessen economic inhibitions.  
 
Nomenclature 
BOP balance of plant     INS0  annual costs for insurance 
CRF  capital recovery factor    k  real interest rate 
DNI direct normal irradiance     LCOE  levelized cost of energy 
F0 annual costs for fuel     LHV lower heating value 
HTF heat transfer fluid     n depreciation period   
I  capital investment costs     OM0 annual costs for operations and maintenance 
el electrical     th thermal 
2. The power plant 
The configuration of the parabolic trough plant Shams One (cf. [2]) is used as a basis for the conducted analysis. 
Figure 1 shows the associated flow diagram of the power plant. The thermodynamic model contains the water/steam 
cycle as well as the solar field configuration, including the heat transfer fluid (HTF) circuit. The main parameters 
were estimated or taken from publications.    
 
Figure 1: Process flow diagram of the parabolic trough power plant in EBSILON®Professional  
2.1. Solar field configuration at design-point conditions 
The site  
As site for the calculations Madinat Zayed in the United Arab Emirates was chosen, where also Shams One is 
located. The weather profile was taken from the meteonorm database in the version 6.1. This averaged dataset 
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(cf. [5]) has a total direct normal irradiance (DNI) of 1821 kWh/m2 per year. In [2] it is mentioned that the yearly 
average total DNI lies around 1925 kWh/m2, due to the ground based data collected during the project development 
of Shams One. For that reason the data from the meteonorm dataset are scaled by the factor 1925/1821.  
Figure 2: Sorted distribution and interval frequency for aperture effective DNI based on the weather profile of Madinat Zayed 
The product of the DNI and the cosine of the incidence angle is the aperture effective DNI, which signify the 
usable part of the sunlight. In figure 2 its sorted distribution and interval frequency is shown. Over the year a sum of 
1758 kWh/m2 appears. However, aperture effective DNI values greater than 700 W/m2 were reached only in 
307 hours. That underlines the medium quality of insolation for the analyzed site.   
The solarfield and design-point 
The design point was set on 21st march at solar noon with a DNI of 750 W/m2 as mentioned in [2]. A spring-
design was chosen because of the comparatively low aerosol charge of the air in spring compared to the summer 
month.  
The typical state of the art layout for parabolic trough plants with thermal oil as HTF has been set as arrangement 
for the collector loop in the solarfield (cf. [2] and [6]). The solar library [7] of the power plant simulation program 
Ebsilon®Professional includes a model for EUROTrough ET150 collectors, which were therefore used instead of the 
ASTRO 150 collectors [2]. The resulting deviations were considered to be negligible.  
Therminol VP-1 is used as HTF which is long period thermally stable for operation temperatures of up to 400°C 
[9]. At 400°C the vapour pressure amounts to 10.9 bar [9]. In order to avoid evaporation, the HTF circuit must be 
kept above this pressure. For reasons of certainty a lowest pressure of 15 bar was set at the inlet of the HTF into the 
solar steam generator. The HTF pumps, located behind the solar steam generator, feed the HTF to the heater or the 
solarfield while compensating the pressure loss of the solarfield arrangement and closing the circuit. As pressure 
loss in the solarfield 15 bar were assumed.   
It is supposed that the thermal oil has a temperature of 393°C at the inlet of the solar steam generator and 
approximately 296°C at the outlet. Under those conditions a mass flow of ca. 1046 kg/s is provided by the solarfield.  
2.2. Water/steam cycle at design-point conditions 
In figure 3 the t,s-diagram of the water/steam cycle at design point is illustrated. Initially, the water is evaporated 
and superheated in the solar steam generator to 380°C at 101.5 bar. Following this, the steam is superheated further 
in the natural-gas-fired booster. At live steam parameters of 540°C and 100 bar, the steam enters the single flow 
steam turbine. There the steam is expanded to the condenser pressure of 0.13 bar, while six partial flows are 
extracted to preheat the feedwater. In the air cooled condenser the steam is condensed. Following this phase 
transformation, the water is delivered to the feedwater tank by the condensate pump. On the way, the water 
undergoes a first heat-up by crossing two low pressure feed heaters. From the feedwater tank the feedwater is 
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delivered to the solar steam generator by the feedwater pump by crossing three high pressure feed heaters. Before 
entering the solar steam generator the feedwater has reached a temperature of 219.4°C at 110 bar.  
The values for the main parameters of the water/steam cycle are summarized in the technical data table in 
figure 1. Under a heat input of 301.00 MWth the power plant produces a gross electricity of 118.85 MWel which 
represents a water/steam cycle gross efficiency of 39.45 %. To consider the point balance of the power plant the net 
plant efficiency is used. This is defined as quotient of produced net electricity divided by the product of DNI and net 
aperture area plus the supplied energy from natural gas, which amounts at the design-point to 20.46 %. 
Figure 3:  t,s-diagram of the water/steam cycle  
Part load  
The live steam pressure level is set in general by the steam generator while the pressure entering the first stage of 
the turbine undergoes the Stodola’s law. Because of that coherence it was assumed for part load operation that the 
steam generator works in sliding pressure mode.  
If at high solar insolation the heat-entry of the solarfield exceeds the maximum, the troughs are defocussed until 
the heat-entry achieves the allowed value.      
2.3. Technical boundary conditions and operational logic – focus steam turbine 
Regarding the operational logic of Shams One only some information are available from publications. According 
to [2] the amount of natural gas is limited to 600 000 MMBTU/year. In addition for booster and heater approximated 
contribution shares are named in [2]. This information has been considered at programming the operational logic. 
Due to these limitations the heater is only used to compensate cloud passages or other short-term irradiation drops. 
The further main assumptions concerning the operating logic of the power plant are determined on the basis of the 
steam turbine and are listed below.  
Steam wetness 
In particular for these live steam parameters in absence of a reheating, steam wetness in the rear turbine stages is 
one of the strongest technical boundary conditions, which have to be respected for design and operation. From a 
thermodynamic point of view, steam wetness leads to moisture losses. These can be divided into three effects, 
namely supercooling losses, brake losses and drag losses [10]. Apart from that erosion has to be considered, from 
the mechanical point of view [10]. To handle the droplet impact erosion resulting from low steam wetness, which 
occurs typically in solar power plants with thermal oil as HTF, special countermeasures have to be done during the 
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design process of the steam turbine. MAN Diesel & Turbo SE solves this task by using active and passive protective 
erosion measures, such as step drainage, suitable blade materials, specific tempering of the inlet edge and the suction 
side [8]. Thanks to these measures, the steam turbine delivered for Shams One can handle a minimum steam wetness 
of 15 %, equal to a steam quality of 0.85. In order to fulfill this boundary condition in power plant operation the live 
steam parameters, especially in part load, has to be fitted by regulating the boosters load. 
Turbine-exhaust pressure 
Furthermore, the condenser back pressure is limited. On the one hand, this limitation is due to economic reasons 
and on the other hand to mechanical and metallurgical reasons [3]. For this study a highest permissible turbine-
exhaust pressure of 0.23 bar was assumed which needs to be taken into account by the operational logic.  
Temperature gradients 
Another challenge for steam turbines in solar thermal power plants results from the daily start-up and shutdown 
procedures. During night the steam turbine cools out while it is turned slowly by a hydraulic motor to avoid 
mechanical damages. The cool off is modeled here analogue to Newton’s law of cooling. In the morning, when the 
power plant is started up, the live steam parameters increase with respect to the power plant load (sliding pressure 
mode) and the upper mentioned operational constraints. To avoid thermal tension and low cycle fatigue the 
permissible temperature gradients are limited. Also, during the daily load fluctuation due to unstable insolation, 
these temperature gradients have to be fulfilled by the operational logic. Thus, 5 K/min for heating and 2 K/min for 
cooling were selected as permissible temperature gradients. These highly transient requirements were considered at 
the steam turbine design phase so that a sufficient lifetime of the steam turbine can be guaranteed.  
2.4. Integrating industrial gas turbines 
Besides the hybridization implemented in Shams One using boosters and back-up-heaters, the integration of 
industrial gas turbines in the power plant cycle was also examined. The related simplified process scheme is shown 
in figure 4. With the combination of aeroderivative gas turbines in solar only power plants, Turchi [11] takes a 
similar approach. He integrates the gas turbines exhaust heat in the HTF circuit in order to reduce the solar multiple 
and provide back-up-heat. This approach of combining small gas turbines with solar thermal power plants was taken 
up and further developed on basis of the Shams power plant configuration. The exhaust gas parameters of industrial 
gas turbines with temperatures of up to 545°C [4] are suitable for providing the boosters with heat. The remaining 
exhaust gas heat (< 390°C) can be used for preheating the feed water. Hence, the required amount of bled steam is 
reduced which allows a higher steam turbine power output. Due to the small power class of industrial gas turbines 
(< 20 MWel), several machines can be run modularly, to increase the overall efficiency.  
For this study as industrial gas turbine type a MAN THM 1304-14 was selected, precisely because of their high 
exhaust gas temperatures and simultaneously high efficiency. The main technical data for generator drive at nominal 
conditions (15°C, relative humidity = 60 %) are summarized in table 1. 
Table 1: Technical data of MAN THM 1304-14 for generation drive at nominal conditions [4] 
Parameter Value   Units Parameter Value   Units 
Power output  12.68   MWel Net efficiency  31.00   % 
Heat rate ((fuel energy input)LHV/ 
produced energy) 
11.61   kJ/kWh Exhaust gas temperature 
Exhaust gas flow 
545.00 
49.10 
  °C 
  kg/s 
For the concept with integrated industrial gas turbines the net power increases to 143.72 MWel with a 
simultaneously increasing demand of natural gas. As mentioned above, the net power increase is caused by two 
effects. The two gas turbines generate each 12.68 MWel. Due to the saving amount of bled steam the steam turbine 
power increases. Through the integration of the two gas turbines the overall net plant efficiency rises by 2.8 % 
points to 23.3 %.    
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Figure 4: Process flow diagram of power plant process plus integrated industrial gas turbine  
3. Results and discussion – (Annual simulation and economic analysis) 
The results are shown based on the following three variants,  
• Base model (BM) 
• Base model plus smoothed live steam temperature (BM-SLST) 
• Base model plus smoothed live steam temperature with integration of two industrial gas turbines (BM-
SLST-IGT)  
Base model (BM) 
The BM represents the configuration for the design-point shown in figure 1. By the operational logic of the 
simulation script the in chapter 2.3 mentioned technical constraints such as minimum steam turbine wetness (0.85), 
maximum steam turbine exhaust pressure (0.23 bar), heating temperature gradient of 5 K/min and cooling 
temperature gradient of 2 K/min were considered.   
Base model plus smoothed live steam temperature (BM-SLST) 
In addition to the BM, the booster in the variant BM-SLST is modified in such a way that the live steam 
temperature is smoothed until 3 o’clock pm. Through this, negative temperature gradients during main steam turbine 
operation time are avoided.     
Base model plus smoothed live steam temperature with integration of two industrial gas turbines (BM-SLST-IGT) 
In this configuration in addition to the BM-SLST variant also two industrial gas turbines were integrated (cf. 
chapter 2.4). The industrial gas turbines operate either in full load mode or zero load mode. Besides that, they also 
run modularly with respect to the power plant load and the required demand of exhaust heat. 
3.1. Analysis of the power plant behavior 
Results of the annual yield simulation of the Base model (BM) 
For the analysis of the results of the BM configuration for the operating hours with positive net power output the 
following two charts were selected. 
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Figure 5:  Annual distribution of steam turbine exhaust 
Figure 2:  pressure with respect to the ambient temperature 
Figure 6:  Annual distribution of steam wetness at the steam turbine 
Figure 2:  outlet with respect to the live steam pressure 
Figure 5 represents the relationship between ambient temperature and steam turbine exhaust pressure. According 
to the current part load status of the power plant, a certain ambient temperature leads to different steam turbine 
exhaust pressures. While the steam exhaust pressure increases, the power plant load rises until it reaches full load. 
Therefore in figure 5 two curves form out which represent the two boundaries min load (left) and full load (right). 
The perpendicular on the right of figure 5 depicts the limitation of the maximum permissible steam turbine exhaust 
pressure of 0.23 bar. 
The annual distribution of live steam pressure over steam quality at steam turbine outlet is displayed in figure 6, 
wherein on the ordinate live steam pressure is plotted. Noticeable two passels occur, owed by the power plants 
operational logic. The passel between roughly 20 and 65 bar represents the operational points in solar-only mode. 
With increasing load (equitable to live steam pressure) the steam wetness increases. To fulfill a minimum steam 
quality of 0.85, the live steam parameters are fitted by regulating the boosters load. Because of the boosters 
minimum load of assumed 5 %, a steam quality of 0.86 was chosen as set point for the controller. In respect to this 
operational requirement the perpendicular line at a steam quality of 0.86 results. When the steam generator achieves 
a load level close to full load, in the next hour the booster as well goes to full load and enables the design live steam 
parameters of 540°C and 100 bar. The corresponding points constitute the second passel in the upper right.  
Both diagrams show that the operational logic considered the in chapter 2.3 mentioned technical boundaries. The 
main results of the yield analysis are shown in table 2. The BM power plant generates a net electricity of 
242.7 GWhel/year with an annual net plant efficiency of 18.79 %. As equivalent to the degree of utilization the 
steam turbine has a number of 2142 full load operation hours per year.  
Results of the annual yield simulation of the Base model plus smoothed live steam temperature (BM-SLST) 
The live steam temperature fluctuates in BM during power plant operation with respect to the irradiance, specific 
load and operational constraints (cf. figure 7). The permissible temperature gradient for cooling of 2 K/min is 
always fulfilled. However, in particular for the steam turbine lifetime a smoother temperature profile of the daily up- 
and down-cycle in solar application would be worthwhile, to end up in a more sinus-like curve. Therefore in the 
BM-SLST configuration the temperature profile is smoothed by the booster. The comparison of the figures 7 and 8 
shows, that through this the negative temperature gradients in main steam turbine operation time could be avoided. 
The BM-SLST configuration generates with 248.45 GWhel/year 2.37 % more electricity compared to the BM 
configuration which is owed to the higher fossil fuel consumption. The number of steam turbine full load operation 
hours therefore rise to 2190 hours per year. For instance figure 7 and 8 illustrate that a higher thermodynamic 
average temperature in case of the BM-SLST configuration lead to a higher net plant efficiency of 19.48 %, which is 
equal to an increase of 0.69 % points. The solar fraction decreases from 84.31 % (BM) to 81.74 % (BM-SLST) due 
to the 1.18 times higher demand of supplied energy from natural gas.  
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Figure 7: Temperature profile at steam turbine inlet BM Figure 8: Temperature profile at steam turbine inlet BM-SLST 
Results of the annual yield simulation of the Base model plus smoothed live steam temperature with integration of 
two industrial gas turbines (BM-SLST-IGT) 
On the basis of the small performance class of the used two MAN THM 1304-14 gas turbines, they run only in 
full load to avoid the reduced part load efficiency. Due to the modular operation strategy high full load operation 
hours could be reached, with 3204 hours for gas turbine 1 and 2348 hours for gas turbine 2.      
Through the integration of the two industrial gas turbines (type: MAN THM 1304-14) the power plant generates 
43.06 % more electricity compared to the BM. As mentioned in chapter 2.4, the improved performance is caused by 
the additional gas turbine power output as well as the increase of steam turbine power owed by less required amount 
of bled steam. The annual steam turbine gross electricity production rises by 13.66 % to 289.39 GWhel, whereas the 
two gas turbines generate 70.40 GWhel per year. Due to the considerably increased amount of natural gas the solar 
fraction is reduced to 59.22 %.  
Cross-comparison  
Table 2: Simulation results of the annual yield analysis of the three configurations 
Simulation results BM BM-SLST BM-SLST-IGT     Units 
Available DNI  1925.00 1925.00 1925.00     kWh/(m2 a) 
Net aperture area  627786.00 627786.00 627786.00     m2 
Incident solar energy  792.95 792.95 792.95     GWhth/a 
Gross electricity steam turbine  254.63 260.32 289.39     GWhel/a 
Total gross electricity gas turbine  0.00 0.00 70.40     GWhel/a 
Total gross electricity  254.63 260.32 359.79     GWhel/a 
Net electricity  242.70 248.45 347.20     GWhel/a 
Supplied energy from natural gas  83.01 98.19 306.66     GWhth/a 
Annual steam turbine full load operation hours  2142.00 2190.00 2435.00     h 
Design-Point net plant efficiency  20.46 20.46 23.28     % 
Annual net plant efficiency  18.79 19.48 22.92     % 
Annual solar fraction  84.31 81.74 59.22     % 
4. Economic analysis 
Furthermore the results of the different variants are analyzed economically. For the comparison the levelized cost 
of energy (LCOE), a simple financial calculation method, is used.  
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ܮܥܱܧ ൌ ܥܴܨ ή ܫ ൅ ܱܯ଴ ൅ ܫܰܵ଴ ൅ ܨ଴ܧ௘௟ǡ௡௘௧  
(Eq. 1) 
The LCOE, defined in equation 1, is the quotient of the sum of the capital recovery factor (CRF) multiplied by 
the capital investment costs (I) plus the annual costs for operations and maintenance (OM0), insurance (INS0) and 
fuel (F0), each for the year of commissioning, divided by the annual produced net electricity. In turn the CRF is 
calculated according to  
ܥܴܨ ൌ ݇ ή ሺሺͳ ൅ ݇ ሻ
௡ሻ
ሺሺͳ ൅ ݇ሻ௡ሻ െ ͳ 
(Eq. 2) 
Thus the CRF is a function of the real interest rate of the project (k) and its depreciation period (n). The 
parameters for the economic analysis are shown in table 3. By using typical marketable parameters, it was intended 
to achieve a similar investment as for Shams One (450 000 000 € [12]).  
Table 3: Parameters for economic analysis 
Parameter Value Units Parameter Value Units 
Investment  
 
 Operation and maintenance 
  
Specific investment cost for solar field 210 €/m2 O&M material cost per year  1 %/year 
Specific investment cost for water/steam cycle  650 €/kWel Fuel cost – natural gas 18 €/MWhth 
Specific investment cost for BOP  100 €/kWel Number of employees for plant operation 25 - 
Specific investment cost for HTF System  80 €/m2 Specific Number of employees for O&M 0.03 1/1000 m2 
Specific investment cost for electric 
installation  
170 €/kWel Average cost per O&M employee 40000 €/year 
Specific land cost  4 €/m2 Specific water consumption 0.3 m3/MWhel 
Specific investment cost for Booster  70 €/kWth Water Cost 2 €/m3 
Specific investment cost for Heater  50 €/kWth Financial parameters   
Specific investment cost for civil engineering  50 €/m2 Real interest rate  8 % 
Specific investment cost for industrial gas 
turbine  
750 €/kWel Depreciation period  25 years 
Surcharge for project development, etc.  30 % Annual insurance cost  0.7 %/year 
Figure 9:  LCOE for the three configurations 
 
Figure 9 displays the determined LCOE for the three examined configurations, based on the values from the 
annual yield simulations for the reference year. The LCOE for the configurations BM and as well BM-SLST with 
216 and 213 €/MWhel reveal the higher LCOE for the project Shams One, mentioned by [12] with around 
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300 €/MWhel compared to the 150 €/MWhel [6] typical for Spanish parabolic trough plants. In case of the BM-
SLST-IGT configuration the LCOE could be lowered to approximately 170 €/MWhel, which is a cost reduction by 
27.65 %. This underlines the positive effect of integrating industrial gas turbines in the power block in order to 
enhance the plant flexibility and profitability.   
5. Conclusions 
The hybridization of parabolic trough power plants with natural gas offers opportunities to enhance the power 
plant in terms of live steam parameters, flexibility and costs. Besides the base model, which is close to the power 
plant configuration of Shams One, this paper discusses the integration of industrial gas turbines in the process 
scheme.  
It is shown that the here developed power plant operational logic fulfills the main technical boundary conditions 
of the steam turbine. Furthermore, the approach with the smoothed live steam temperature is to be preferred with 
respect to steam turbine lifetime.  
In terms of hybridization of in parabolic troughs collected solar heat with natural gas, the concept of the 
integrated solar combined cycle has been especially discussed in recent decades. This efficient concept offers some 
disadvantages, such as small solar fraction and the necessity of fossil fuel use [e.g. cf. [1], [13]] which are owed to 
the proportion of the power class of steam turbine to gas turbine. This paper illustrates that by integrating industrial 
gas turbines in a parabolic trough power plant some disadvantages could be prevented. In addition, the developed 
concept offers the possibility of retrofit as well as peaker application for the industrial gas turbine.  
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